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Abstract  

4ÈÅ ÐÁÐÅÒ ÉÓ ÁÉÍÅÄ ÁÔ ÁÓÓÅÓÓÉÎÇ ÔÈÅ ÁÓÓÏÃÉÁÔÉÏÎÓ ÂÅÔ×ÅÅÎ ÔÈÅ ÒÏÁÄ ÎÅÔ×ÏÒËÓ ÇÅÏÇÒÁÐÈÙ ÁÎÄ ÄÙÎÁÍÉÃÓ ÏÆ ×ÉÌÄǢÒÅ ÅÖÅÎÔÓ ÉÎ 

the East Siberian boreal forest. We examined the relationship between the function of roads, their use, and management and 

ÔÈÅ ×ÉÌÄǢÒÅ ÉÇÎÉÔÉÏÎȟ ÐÒÏÐÁÇÁÔÉÏÎȟ ÁÎÄ ÔÅÒÍÉÎÁÔÉÏÎ ÄÕÒÉÎÇ ÔÈÅ ÃÁÔÁÓÔÒÏÐÈÉÃ ǢÒÅ ÓÅÁÓÏÎ ÏÆ ςπρφ ÉÎ ÔÈÅ )ÒËÕÔÓË 2ÅÇÉÏÎ ÏÆ 2ÕÓÓÉÁ. 

Document analysis and interviews were utilized to identify main forest users and road infrastructure functional types and 

ÅØÁÍÉÎÅ ×ÉÌÄǢÒÅ ÍÁÎÁÇÅÍÅÎÔ ÐÒÁÃÔÉÃÅÓȢ 7Å ÃÏÍÂÉÎÅÄ ÃÏÍÍÕÎÉÔÙ ÏÂÓÅÒÖÁÔÉÏÎÓ ÁÎÄ ÓÁÔÅÌÌÉÔÅ ÒÅÍÏÔÅÌÙ ÓÅÎÓÅÄ ÄÁÔÁ ÔÏ ÁÓÓÅÓÓ 

ÒÅÌÁÔÉÏÎÓÈÉÐÓ ÂÅÔ×ÅÅÎ ÔÈÅ ÌÏÃÁÔÉÏÎȟ ÅØÔÅÎÔȟ ÁÎÄ ÔÉÍÉÎÇ ÏÆ ×ÉÌÄǢÒÅÓ ÁÎÄ ÄÉÆÆÅÒÅÎÔ ÔÙÐÅÓ ÏÆ ÒÏÁÄÓ ÁÓ ǢÒÅ ÓÏÕÒÃÅÓȟ barriers, and 

ÓÕÐÐÒÅÓÓÉÏÎ ÁÃÃÅÓÓ ÐÏÉÎÔÓȢ /ÕÒ ÓÔÕÄÙ ÃÏÎǢÒÍÓ Á ÓÔÒÏÎÇ ÓÐÁÔÉÁÌ ÒÅÌÁÔÉÏÎÓÈÉÐ ÂÅÔ×ÅÅÎ ÔÈÅ ×ÉÌÄǢÒÅ ÉÇÎÉÔÉÏÎ ÐÏÉÎÔÓ ÁÎÄ ÒÏÁÄÓ 

ÄÉÆÆÅÒÅÎÔÉÁÔÅÄ ÂÙ ÔÈÅÉÒ ÔÙÐÅÓ ×ÉÔÈ ÔÈÅ ÈÉÇÈÅÓÔ ÐÒÏÂÁÂÉÌÉÔÙ ÏÆ ǢÒÅ ÉÇÎÉÔÉÏÎ ÎÅÁÒ ÆÏÒÅÓÔÒÙ ÒÏÁÄÓ ÁÎÄ ÔÈÅ ÌÏ×ÅÓÔ ÎÅÁÒ ÓÕÂÓÉstence 

ÒÏÁÄÓȢ 2ÏÁÄÓ ÁÌÓÏ ÐÌÁÙ ÁÎ ÉÍÐÏÒÔÁÎÔ ÒÏÌÅ ÉÎ ×ÉÌÄǢÒÅ ÓÕÐÐÒÅÓÓÉÏÎȟ ×ÏÒËÉÎÇ ÁÓ ÂÏÔÈ ÐÈÙÓÉÃÁÌ ÂÁÒÒÉÅÒÓ ÁÎÄ ÁÃÃÅÓÓ ÐÏÉÎÔÓ ÆÏÒ 

ǢÒÅǢÇÈÔÅÒÓȢ /ÕÒ ÒÅÓÅÁÒÃÈ ÉÌÌÕÓÔÒÁÔÅÓ ÔÈÅ ÉÍÐÏÒÔÁÎÃÅ ÏÆ ÌÏÃÁÌ ÁÎÄ )ÎÄÉÇÅÎÏÕÓ ÏÂÓÅÒÖÁÔÉÏÎÓ ÁÌÏÎÇ ÔÈÅ ÒÏÁÄÓ ÆÏÒ ÍÏÎÉÔÏÒÉÎÇ ÁÎÄ 

understanding ×ÉÌÄǢÒÅÓȟ ÉÎÃÌÕÄÉÎÇ ȰÚÏÍÂÉÅ ǢÒÅÓȱȢ )Ô ÁÌÓÏ ÈÁÓ ÐÒÁÃÔÉÃÁÌ ÉÍÐÌÉÃÁÔÉÏÎÓ ÆÏÒ ǢÒÅ management collectively developed 

by authorities and local communities. 

Key words:  ×ÉÌÄǢÒÅÓȟ Siberia, boreal forest, community observations, remote sensing 
 

1. Introduction  

7ÉÌÄǢÒÅÓ ÁÒÅ ÏÎÅ ÏÆ ÔÈÅ ÍÁÉÎ ÖÅÇÅÔÁÔÉÏÎ ÄÉÓÔÕÒÂÁÎÃÅ 

agents globally, and forests in particular (Thonicke et al. 

2001). The effects of forest Ǣres, such as a decrease in air qual- 

ity, are observed far beyond the forest regions (Kharuk et al. 

2021ɊȢ 7ÈÉÌÅ ǢÒÅÓ ÁÒÅ ÎÁÔÕÒÁÌ ÔÏ ÆÏÒÅÓÔ ÅÃÏÓÙÓÔÅÍÓȟ ÅØÃÅÓ- 

sive burning, and particularly human-ÃÁÕÓÅÄ ×ÉÌÄǢÒÅÓȟ ÄÉÓ- 

rupts provision of ecosystem services and exacerbates climate 

change by transforming carbon cycling and storage (Mack 

et al. 2011; Pan et al. 2011; Gibson et al. 2018; Chen et al. 

2021). Meanwhile, with climate change there is an increase 

of ×ÉÌÄǢÒÅÓ in the Arctic and boreal forest (taiga) in terms 

of both spatio-temporal extent and intensity  (Kasischke et al. 

1995; Flannigan et al. 2009; Kelly et al. 2013; Aponte et al. 

2016; Wotton et al. 2017; Masrur et al. 2018). In particular, 

Siberian boreal forest ×ÉÌÄǢÒÅÓ became an important  topic in 

global ÓÃÉÅÎÔÉǢÃ discussions in recent years due to their  large 

scale and linkages to globally and regionally critical environ- 

mental changes (Mack et al. 2021). 

Usually, up to 90% ×ÉÌÄǢÒÅÓ in the boreal forest and tundra 

are attributed to lightning strikes (Veraverbeke et al. 2017; 

Kharuk et al. 2021), while anthropogenic impact is consid- 

 
ered a relatively minor cause (Coogan et al. 2020), although 

its role often increases with the expansion of human ac- 

tivity in forests (Kasischke and Turetsky 2006; Campos-Ruiz 

et al. 2018ɊȢ 9ÅÔȟ Á ÓÉÇÎÉǢÃÁÎÔ ËÎowledge gap remains in un- 

derstanding human-ÉÎÄÕÃÅÄ ×ÉÌÄǢÒÅÓ ÁÓ ÍÁÎÉÆÅÓÔÁÔÉÏÎÓ ÏÆ 

disruptions in humanɀnature relations mediated by infras- 

tructure development. Meanwhile, the expanding infrastruc- 

ture development in the Arctic and subarctic regions has un- 

certain environmental, economic, and cultural implications 

(Raynolds et al. 2013; Walker and Peirce 2015; Schweitzer et 

al. 2017). 

Siberia is well suited for examining the role of road in- 

ÆÒÁÓÔÒÕÃÔÕÒÅ ÉÎ ÂÏÒÅÁÌ ÆÏÒÅÓÔ ×ÉÌÄǢÒÅ ÄÙÎÁÍÉÃÓ ÂÅÃÁÕÓÅ ÏÆ ÉÔÓ 

vast forest cover, a variety of human activities, and rapidly 

increasing infrastructure presence due to growing extrac- 

tive industry. There is evidence of existing effects of infras- 

ÔÒÕÃÔÕÒÅ ÏÎ ÂÏÒÅÁÌ ÆÏÒÅÓÔ ×ÉÌÄǢÒÅÓ ÉÇÎÉÔÉÏÎȟ ÐÒÏÐÁÇÁÔÉÏÎȟ ÁÎÄ 

ÓÕÐÐÒÅÓÓÉÏÎ ÁÓ ÐÒÏÂÁÂÉÌÉÔÙ ÏÆ Á ǢÒÅ ÈÁÓ ÂÅÅÎ ÆÏÕÎÄ ÔÏ ÈÁÖÅ 

strong correlations with human infrastructure and associ- 

ated activities (Nami et al. 2018). Moreover, among different 

forms of infrastructure  researchers noted a higher role of hu- 

man transportation  networks than human settlement in Ǣre 
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ignition regime (Gralewicz et al. 2012). In the boreal forest, 
road networks are formed by a variety of road types, most 

prominently forestry roads and subsistence trails. In addi- 

tion, linear clearings that accompany extractive industrial  de- 

velopment can also serve as local roadways and as such be- 

come the major component of infrastructure (Kuklina et al. 

2020). Most roads in the forest are informal, i.e., not actively 

maintained or governed by the state, but rather controlled 

and managed by private parties (such as forest companies) or 

local communities. 

A more detailed analysis of correlations between different 

forms of anthropogenic features and thermal anomalies by 

Kovacs et al. (2004) found the strongest relationship between 

forest Ǣres and proximity  to roads, followed by the proximity 

to railroads and settlements in Central Siberia. Recent stud- 

ÉÅÓ ÏÆ ÉÎÆÒÁÓÔÒÕÃÔÕÒÅ ÁÎÄ ×ÉÌÄǢÒÅÓ ÒÅÖÅÁÌÅÄ Á ÌÉÎÅÁÒ ÒÅlation- 

ship between the density of forest roads and the density of 

×ÉÌÄǢÒÅÓ ÉÎ ÔÈÅ )ÒËÕÔÓË 2ÅÇÉÏÎȭÓ ÆÏÒÅÓÔ ÍÁÎÁÇÅÍÅÎÔ ÕÎÉÔÓ 

(lesnichestva) (Boldanova et al. 2017). An increase in ×ÉÌÄǢÒÅ oc- 

currences was also observed near logging sites (Pavlichenko 

2017ɊȢ -ÏÒÅÏÖÅÒȟ ÔÈÅÒÅ ÉÓ ÅÖÉÄÅÎÃÅ ÔÈÁÔ ×ÉÌÄǢÒÅ ÁÃÔÉÖÉÔÙ ÈÁÓ 

been exacerbated by illegal logging (Kukavskaya et al. 2013). 

Deforestation related to mining and logging operations also 

ÃÁÕÓÅÓ ÃÈÁÎÇÅÓ ÉÎ ÎÁÔÕÒÁÌ ǢÒÅ ÒÅÇÉÍÅÓ ɉKirillin a et al. 2020). 

2ÅÓÅÁÒÃÈÅÒÓ ÉÄÅÎÔÉǢÅÄ Á ÈÉÇÈÅÒ ÌÅÖÅÌ ÏÆ ÔÈÅ ÌÁÎÄ ÄÉÓÔÕÒ- 

bance and metal structures erected along the roads as con- 

tributing  factors to lightning-caused Ǣre ignitions (Ivanov 

et al. 2009; Arienti  et al. 2010ɊȢ )Î ÁÄÄÉÔÉÏÎȟ ÓÐÅÃÉǢÃ ÂÉÏ- 

physical conditions in the near-road areas also contribute to 

faster spread of Ǣre than in the surrounding area (Ivanov and 

Moskalchenko 2012). 

At the same time, availability of road networks is also im- 

portant  for Ǣre suppression as it  allows ǢÒÅǢÇÈÔÉÎÇ teams ac- 

cess to the burning areas. The absence of roads leads to a re- 

sponse failure and Ǣre propagation over larger areas (Arienti 

et al. 2011; Boldanova et al. 2017). While in the Soviet times 

the problem of access was solved by the ×ÏÒÌÄȭÓ largest aerial 

ǢÒÅǢÇÈÔÉÎÇ system (Pyne 2012), currently  the lack of funding 

ÉÎÃÒÅÁÓÅÓ ÔÈÅ ÒÅÌÉÁÎÃÅ ÏÎ ÇÒÏÕÎÄ ÔÒÁÎÓÐÏÒÔÁÔÉÏÎ ÆÏÒ ǢÒÅ ÅØ- 

tinguishing (Podolskaia et al. 2020). It  means that Ǣres in the 

areas inaccessible by ground transportation  are suppressed 

only if they are in the vicinity of villages and infrastructure. 

5ÎÄÅÒÓÔÁÎÄÉÎÇ ×ÉÌÄǢÒÅ ÏÒÉÇÉÎ ÁÎÄ ÄÙÎÁÍÉÃÓ ÒÅÐÒÅÓÅÎÔÓ Á 

Ȱ×ÉÃËÅÄ ÐÒÏÂÌÅÍȱ that requires multidisciplinary  research 

efforts (Chapin et al. 2008). Local and Indigenous knowledge 

is crucial for understanding place-ÂÁÓÅÄ ÓÐÅÃÉǢÃÓ ÏÆ ×ÉÌÄǢÒÅ 

biographies: ignition, expansion, and termination, and pro- 

viding valuable lessons on ×ÉÌÄǢÒÅ governance (Rutherford 

and Schultz 2019; Roos et al. 2021). Indigenous people and 

non-Indigenous old settlers are known for protecting forests 

from ×ÉÌÄǢÒÅÓ (Kharuk et al. 2021). For example, according to 

Evenki epiÓÔÅÍÏÌÏÇÙȟ ×ÉÌÄǢÒÅÓ ÁÒÅ ÐÒÏÖÏËÅÄ ÂÙ ÔÈÅ ÆÏÒÅÓÔ ÉÔ- 

self addressing the need of the main spirit  of natural environ- 

ment Buya regeneration (Lavrillier and Gabyshev 2017). More- 

ÏÖÅÒȟ ÅÁÃÈ ǢÒÅȟ ÅÖÅÎ ÔÈÅ ÏÎÅ ÉÎ ÔÈÅ ÓÔÏÖÅȟ ÈÁÓ ÔÈÅÉÒ Ï×Î ÓÐÉÒ- 

its, whom Evenki feed by offering food before meals. Scienceɀ 

Indigenous knowledge collaboration through community- 

engaged participatory  research is needed for ×ÉÌÄǢÒÅ preven- 

tion and mitigat ion (Tymstra et al. 2020). However, there is 

still a lack of knowledge about co-production between re- 

searchers and local and Indigenous communities in Siberia 

×ÉÌÄǢÒÅ ÓÔÕÄÉÅÓȢ 

Collaboration with local and Indigenous communities is 

especially important for studies of underground smoldering 

ɉȰÏÖÅÒ×ÉÎÔÅÒÉÎÇȱɊ Ǣres that are difficult  to detect using tradi - 

tional remote sensing methods and often require additional 

ground truthing  to be captured (McCarty et al. 2020; Scholten 

et al. 2021). Yet, they may constitute a large share of wild- 

ǢÒÅ ÁÃÔÉÖÉÔÙ ÉÎ ÓÏÍÅ ÙÅÁÒÓ ɉÅȢÇȢȟ ÕÐ ÔÏ 1 ÏÆ ÂÏÒÅÁÌ ÆÏÒÅÓÔ ǢÒÅÓ 

in 2015 (York and Jandt 2019)), and likely to become more 

common as climate changes (Irannezhad et al. 2020). That 

is where the local and Indigenous knowledge is becoming 

the most useful. Observations by Indigenous peoples, local 

hunters, and other residents become instrumental in detect- 

ing and describing these phenomena. 

The goal of this paper is to assess the associations between 

×ÉÌÄǢÒÅ ÉÇÎÉÔÉÏÎȟ ÐÒÏÐÁÇÁÔÉÏÎȟ ÁÎÄ ÔÅÒÍÉÎÁÔÉÏÎ ÁÎÄ ÉÎÆÏÒ- 

mal road network geography in the East Siberian boreal for- 

ÅÓÔȢ )Î ÐÁÒÔÉÃÕÌÁÒȟ ×Å ÆÏÃÕÓ ÏÎ ÔÈÅ ÃÁÔÁÓÔÒÏÐÈÉÃ ǢÒÅ ÓÅÁÓÏÎ ÏÆ 

2016 (Ministry of Natural Resources and Environment of the 

Irkutsk Region 2021Ɋ ×ÈÅÎ ÔÈÅ ×ÉÌÄǢÒÅÓ ÁÆÆÅÃÔÅÄ ÁÎ ÅØÃÅÐ- 

tionally large area in the Irkutsk Region. 

We hypothesize that there is a relationship between the 

function of roads, their use, management, and access regime 

ÏÎ ÏÎÅ ÈÁÎÄȟ ÁÎÄ ×ÉÌÄǢÒÅ ÉÇÎÉÔÉÏÎȟ ÐÒÏÐÁÇÁÔÉÏÎȟ ÁÎÄ ÔÅÒÍÉ- 

nation (either active or passive), on the other. To collect evi- 

dence in favor or against this hypothesis, we pursue the fol- 

lowing objectives: 

 
1) identify main forest users and road infrastructure func- 

tional types in the study area; 

2) ÅØÁÍÉÎÅ ×ÉÌÄǢÒÅ ÍÁÎÁÇÅÍÅÎÔ ÐÒÁÃÔÉÃÅÓ ÏÆ ÔÈÅ ÆÏÒÅÓÔ 

users; 

3) use remote sensing data to detect ×ÉÌÄǢÒÅ characteristics, 

including ignition location, propagation, and termination 

in 2016; 

4) use community observations and remotely sensed data 

to assess the relationship between the location, extent, 

and timing of ×ÉÌÄǢÒÅÓ ÁÎÄ ÄÉÆÆÅÒÅÎÔ ÔÙÐÅÓ ÏÆ ÒÏÁÄÓ ÁÓ ǢÒÅ 

sources, barriers, and suppression access points. 

 
2. Materials  and methods 

2.1. Study area and communities 
Our study area is in eastern Siberia. It  covers 2.4 mil - 

lion ha and has a lot in common with other Arctic and 
subarctic regions, such as harsh climatic conditions, preva- 
lence of permafrost, isolation, presence of traditional Indige- 
nous cultures and land use practices, and high economic de- 

pendence on extractive industries. The mean annual tem- 

perature ranges between ĭ3.3 ƎC and ĭ3.5 ƎC (Ludi 2008). 
The winter lasts from October to May with the average Jan- 

uary temperature around ĭ35 ƎC. Winter temperatures be- 

low ĭ50 ƎC are common, and annual precipitation is low 
(300ɀ400 mm/year). The area is dominated by the Siberian bo- 
real forest (taiga). It is located at the boundary between con- 
tinuous and discontinuous permafrost zones and exhibits a 
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complex pattern of permafrost conditions. In recent years, 
ÔÈÅ ÁÒÅÁ ÈÁÓ ÂÅÅÎ ÁÆÆÅÃÔÅÄ ÂÙ ÔÈÅ ÉÎÃÒÅÁÓÅÄ ×ÉÌÄǢÒÅ ÁÃÔÉÖÉÔÙ 

observed across many Siberian boreal forest regions (Kirillina 

et al. 2020). 

The study area is sparsely populated with  only two villages 

in the entire study region: Tokma and Verkhnemarkovo. It is 

the homeland for Evenki, Indigenous people reliant on sub- 

ÓÉÓÔÅÎÃÅ ÁÃÔÉÖÉÔÉÅÓ ÓÕÃÈ ÁÓ ÈÕÎÔÉÎÇȟ ǢÓÈÉng, and gathering. In 

the village of Tokma, population is estimated at 54 people 

ÁÎÄ ÃÏÎÓÉÓÔÓ ÏÆ %ÖÅÎËÉ ÁÎÄ 2ÕÓÓÉÁÎ ȰÏÌÄ ÓÅÔÔÌÅÒÓȱȢ 4ÈÅ ÐÏÐ- 

ulation of Verkhnemarkovo is about 2000, mostly Russians, 

but there are also representatives of other ethnicities from 

different parts of the former Soviet Union who came here in 

the Soviet period to work  in the oil and gas industry. There is 

a small Evenki population. 

 

2.2. Methods 
In our research, we applied a transdisciplinary  community- 

engaged participatory  methodology (Alexander et al. 2011) by 

combining methods of social research (interviews  and obser- 

vations) with the analysis of remote sensing data to obtain 

comprehensive and nuanced information  about ×ÉÌÄǢÒÅÓȢ In- 

tegrating community data and remote sensing presents an 

opportunity to triangulate and contextualize information 

and thus produces new insights into the relationship be- 

Ô×ÅÅÎ ÈÕÍÁÎ ÁÃÔÉÖÉÔÙ ɉÒÏÁÄÓɊ ÁÎÄ ÔÁÉÇÁ ǢÒÅÓȢ 4ÈÅ ÒÅÓÅÁÒÃÈ ×ÁÓ 

conducted in continuous collaboration with local and Indige- 

nous communities and stakeholders in the village Tokma, 

from the very beginning of the study. Importantly, the topic 

of this research was chosen based on local concerns that com- 

munities expressed to the authors, and research objectives 

were developed with the community input. Community en- 

gagement was maintained at all stages of the study. One of 

the authors has been a community member and scholar and 

served as a project liaison. 

To understand ×ÉÌÄǢÒÅ management practices in the study 

ÁÒÅÁȟ ǢÒÓÔȟ ×Å ÅØÁÍÉÎÅÄ ÄÏÃÕÍÅÎÔÁÔÉÏÎ ÄÅÓÃÒÉÂÉÎÇ ÒÕÌÅÓ ÁÎÄ 

regulations on ×ÉÌÄǢÒÅ prevention, monitoring, and suppres- 

sion by federal, regional, and municipal authorities as well 

ÁÓ ÅØÉÓÔÉÎÇ ÉÎÆÏÒÍÁÔÉÏÎ ÏÎ ×ÉÌÄǢÒÅ ÍÁÎÁÇÅÍÅÎÔ ÐÒÁÃÔÉÃÅÓ 

by private companies. We also collected data for the Tokma 

weather station from the rp5.ru website to provide a context 

ÏÆ ×ÅÁÔÈÅÒ ÃÏÎÄÉÔÉÏÎÓ ÄÕÒÉÎÇ ÔÈÅ ×ÉÌÄǢÒÅÓȢ 

Interviews with local residents formed a major source of 
information for gathering community observations and con- 

ÃÅÒÎÓȢ )Î ÐÁÒÔÉÃÕÌÁÒȟ ×ÉÔÎÅÓÓ ÁÃÃÏÕÎÔÓ ÏÆ ×ÉÌÄǢÒÅÓ ×ÅÒÅ ÏÂ- 

tained from interviews and observations collected in 2016 

(18 recorded interviews with diverse local residents) and 2018 

(one recorded interview with a hunter and two unrecorded 

conversations with  hunters). The in-depth interviews, specif- 

ically focused on informal road network development and 

ÉÔÓ ÉÍÐÁÃÔ ÏÎ ÔÈÅ ÅÎÖÉÒÏÎÍÅÎÔȟ ÉÎÃÌÕÄÉÎÇ ×ÉÌÄǢÒÅÓȟ ×ÅÒÅ ÃÏÌ- 

lected in 2020 and included nine interviews with local com- 

munity members. In addition, we used participant observa- 

tions travelling by roads in winter. Based on interviews, we 

distinguished three main areas of local concerns pertaining 

to ×ÉÌÄǢÒÅÓȡ road network  development as a source of Ǣre ig- 

nition,  road impact of ×ÉÌÄǢÒÅ spread, and roads as barriers 

for ×ÉÌÄǢÒÅÓȢ We focused on the Ǣre season of 2016, when lo- 
ÃÁÌ ÒÅÓÉÄÅÎÔÓ ÏÂÓÅÒÖÅÄ ÔÈÅ ÍÏÓÔ ÄÅÓÔÒÕÃÔÉÖÅ ×ÉÌÄǢÒÅÓ ÉÎ ÔÈÅ 

area. 

In addition to these interviews, information on wÉÌÄǢÒÅ 

control practices along informal roads and further details 

ÁÂÏÕÔ ×ÉÌÄǢÒÅ ÐÒÏÐÁÇÁÔÉÏÎ ÁÎÄ ÂÁÒÒÉÅÒÓ ×ÅÒÅ ÓÕÐÐÌÅÍÅÎÔÅÄ 

in 2021 by phone conversations with two local hunters and 

representatives of a forest company and an oil company. 

These conversations were used to solicit feedback on re- 

motely sensed data analysis (see below), in particular  to con- 

textualize remotely sensed observations and identify poten- 

ÔÉÁÌ ÒÅÌÁÔÉÏÎÓÈÉÐÓ ÂÅÔ×ÅÅÎ ÒÏÁÄÓ ÁÎÄ ǢÒÅ ÉÇÎÉÔÉÏÎ ÁÎÄ ÐÒÏÐÁ- 

gation. We discussed remote sensing data with  local residents 

ÁÎÄ ÓÏÌÉÃÉÔÅÄ ÃÏÍÍÕÎÉÔÙ ÆÅÅÄÂÁÃË ÏÎ ÏÕÒ ÉÎÉÔÉÁÌ ǢÎÄÉÎÇÓȢ 

We created a 2016 map of roads that includes location, road 

type and function, and access regimes. The road functions 

encompass subsistence roads, geological roads (linear clear- 

ings of trees and vegetation to allow vehicles driving down 

the lines and putting  explosives in the ground to examine 

oil and gas underground), forest, and oil service roads. By ac- 

cess regime the roads vary from public access (subsistence 

and public roads), roads with monitored access (public and 

private forest roads), and roads with restricted access (oil ser- 

vice roads). To create this map, we used a combination of 

medium- and high-resolution satellite imagery (Landsat, Sen- 

tinel, DigitalGlobe), topographic maps, infrastructure devel- 

opment planning documents (Ministry  of Economic Develop- 

ment 2020), and the data from the interviews. We manually 

digitized roads using the ArcGIS software. We calculated the 

length of each type of road. 

For detecting ×ÉÌÄǢÒÅ characteristics, extent, and timing 

during the 2016 season, we used several remote sensing 

ÓÏÕÒÃÅÓ ÁÎÄ ÍÅÔÈÏÄÓȢ &ÉÒÓÔȟ ×Å ÌÏÃÁÔÅÄ ÁÃÔÉÖÅ ǢÒÅÓ ÕÓÉÎÇ ÄÁÔÁ 

on thermal anomalies from Moderate Resolution Imaging 

Spectroradiometer (MODIS) and Visible Infrared Imaging Ra- 

diometer Suite (VIIRS) imagery (Justice et al. 2002; Schroeder 

et al. 2014; Giglio et al. 2016). The archived data from these 

images were obtained from .!3!ȭÓ Fire Information  for Re- 

source Management System (FIRMS) (https://earthdata.nasa.g 

ov/firms ), part of .!3!ȭÓ Earth Observing System Data and 

Information  System (EarthData 2021; Fire Information  for 

Resource Management System 2021). The data were docu- 

mented in a point-based vector data format (i.e., ÓÈÁÐÅǢÌÅɊ 

with  information  on Ǣre occurrence, Ǣre location, the logi- 

cal criteria  used for the Ǣre selection, detection ÃÏÎǢÄÅÎÃÅȟ 

ǢÒÅ ÒÁÄÉÁÔÉÖÅ ÐÏ×ÅÒ ɉ&20Ɋȟ ÁÎÄ ÎÕÍÅÒÏÕÓ ÏÔÈÅÒ ÌÁÙÅÒÓ ÄÅÓÃÒÉÂ- 

ÉÎÇ ǢÒÅ ÐÉØÅÌ ÁÔÔÒÉÂÕÔÅÓȢ 4ÈÅÓÅ ÄÁÔÁ ×ÅÒÅ ÁÇÇÒÅÇÁÔÅÄ ÂÙ ÄÁÔÅÓ 

ÁÎÄ ÌÏÃÁÔÉÏÎÓ ÆÏÒ ÔÈÅ ÄÅÔÅÃÔÉÏÎ ÏÆ ÔÈÅ ÉÇÎÉÔÉÏÎ ÐÏÉÎÔÓȭ ÌÏÃÁÔÉÏÎ 

and timing. The FRP information was used to determine the 

ǢÒÅ ÉÎÔÅÎÓÉÔÙ ɉWooster et al. 2003). We manually removed gas 

Ǩares that take place in the oil production sites as they have 

stable temperatures and locations in contrast with  ×ÉÌÄǢÒÅÓȢ 

We estimated the burned area extent of each ×ÉÌÄǢÒÅ us- 

ing object-based image analysis (OBIA) methods based on 

Sentinel-2 and Landsat-8 data. Sentinel-2 and Landsat-8 data, 

having spectral channels in the mid-infrared range, accu- 

rately ÒÅǨÅÃÔ the burned areas (Quintano et al. 2018). OBIA 

methods provide a more reliable and realistic border com- 

pared to pixel ÃÌÁÓÓÉǢÃÁÔÉÏÎ methods (Blaschke 2010; Sizov 
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Fig. 1. Study area (created using the ArcGIS software with  basemap from ESRI (projection  WGS84/UTM48N)). 

 

 

et al. 2020a, 2020b). The web service Sentinel Playground was 

used to search for archived cloudless and snowless images 
(Sentinel Hub 2021). During the search, the images were ob- 
tained for the period preceding ignition, during the ×ÉÌÄǢÒÅÓȟ 
ÁÎÄ ÁÆÔÅÒ ÔÈÅ ×ÉÌÄǢÒÅÓ ÈÁÖÅ ÅÎÄÅÄȢ 7Å ÄÏ×ÎÌÏÁÄÅÄ ÓÅÌÅÃÔÅÄ 
images within the boundaries of the extent of each burned 

area using the GoogleEarthEngine geo-platform, which con- 
tains the complete archives of the Sentinel-2 (S2) and Landsat- 
8 (L8) surveys available for analysis and processing (Earth 
Engine Data Catalog 2021a (Sentinel-2) and Earth Engine 

Data Catalog 2021b (USGS)). A ÓÉÇÎÉǢÃÁÎÔ advantage over the 

Copernicus Open Access Hub (ESA) service is that all datasets 

are available online (Copernicus 2021). For each scene, all 
multispectral channels of processing level 2A (CEOS) were 
downloaded in GeoTiff (16 bit) format with the original spa- 
tial  resolution (10 m/S2; 30 m/L8)  in the UTM48N (WGS84) pro- 
jection. 

To obtain the boundary of each burned area, we used seg- 

mentation of the corresponding S2 image (the closest in 

ÄÁÔÅ ÔÏ ÔÈÅ ÅÎÄ ÏÆ ÔÈÅ ǢÒÅɊ ÕÓÉÎÇ ÔÈÅ ,ÁÒÇÅ-Scale MeanShift 

tool with the 50-pixel minimal size of the segment in the 

open OrfeoToolbox 7.0.0 software (Orfeo ToolBox 2021). The 

tool is based on the MeanShift algorithm, which is sensitive 

to spatial resolution and adapted for processing volumetric 

rasters (Comaniciu and Meer 2002). From the resulting vec- 

tor  line layer, a spatial sampling of segments was carried 

out based on comparison with points of thermal anomalies 

from FIRMS products, a synthesized image using medium IR 

channels, and the NBR index (Normalized Burn Ratio). Seg- 

ment selection was performed using spatial queries and vi- 

sually in manual mode using the ArcGIS software. In some 

cases, manual editing of segment boundaries was carried 

out, mainly in terms of their  division into smaller fragments 

and removal of areas with preserved vegetation within the 

burned area. 

To determine the role of roads as barriers for ×ÉÌÄǢÒÅÓ and 
its variation by road type, we ÉÄÅÎÔÉǢÅÄ the share of roads 

as the terminal  boundaries of the ×ÉÌÄǢÒÅÓ (burned areas). In 

addition, for each burned area we analyzed distance from ig- 

ÎÉÔÉÏÎ ÌÏÃÁÔÉÏÎÓ ÔÏ ÄÉÆÆÅÒÅÎÔ ÒÏÁÄ ÔÙÐÅÓ ÁÎÄ ÌÅÎÇÔÈ ÏÆ ×ÉÌÄǢÒÅ 

boundaries formed by different types of roads. 

 
3. Results 

3.1. Main forest users and road infrastructure 
in the study area 

According to the official estimates, the study area has 

sparse infrastructure  development with  the density of public 

roads only 16.2 km per 1000 square km. The village of Tokma 

has seasonal transportation  access by an official 100 km-long 

municipal winter road connecting the village with the fed- 

eral winter  road Ȱ-ÉÒÎÉÎÓËÉÉȱ (Fig. 1). However, the region 

is experiencing a boom of extractive industrial development 

(oil  and forestry), which ÓÉÇÎÉǢÃÁÎÔÌÙ changed the landscapes 

by developing new infrastructure, including informal roads 

(Kuklina et al. 2020). To cope with the lack of public infras- 

tructure, each of the forest users developed a distinct  system 

of roadways that co-exist in space and may overlap, although 

such overlappings are rare. While most informal roads have 

seasonal character, they can be used year round by all-terrain 

vehicles (Fig. 2). 

The subsistence forest use by Tokma villagers is mostly 
controlled by an obshchina (a noncommercial organiza- 

tion formed by Indigenous and other local residents for 
conducting traditional  subsistence activities) with  1.7 mil- 
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Fig. 2. Road network  by type (created using the ArcGIS software with  basemap from ESRI (projection  WGS84/UTM48N)). 

 

 

lion hectares of land (Fig. 2) allocated for traditional use 

ɉÅȢÇȢȟ ÈÕÎÔÉÎÇȟ ǢÓÈÉÎÇȟ ÁÎÄ ÇÁÔÈÅÒÉÎÇɊȢ 4ÈÉÓ ÌÁÎÄ ÉÓ composed 

of hunting plots managed by 20 hunters from Tokma and 

33 hunters from the neighboring Evenki village of Bur. The 

hunting plots are connected by the system of subsistence 

trails that have widths of 2ɀ6 m. In Verkhnemarkovo, hunt- 

ing plots are managed by the local branch of the Irkutsk re- 

ÇÉÏÎÁÌ ÐÕÂÌÉÃ ÏÒÇÁÎÉÚÁÔÉÏÎ ÏÆ ÈÕÎÔÅÒÓ ÁÎÄ ǢÓÈÅÒÍÅÎȢ 

Geological exploration has been present in the area since 
the 1960s. The traditionally used territories around the vil- 

lages have been explored by applying the ς$ ÓÅÉÓÍÉÃ ÒÅǨÅÃ- 

tion method that requires straight clearings to create roads 

every 4ɀ5 km for heavy machinery along which the testing is 

ÃÁÒÒÉÅÄ ÏÕÔȢ 4ÈÅ ǢÒÓÔ ÏÉÌ ÁÎÄ ÇÁÓ ǢÅÌÄ ÉÎ %ÁÓÔÅÒÎ 3ÉÂÅÒÉÁ ×ÁÓ 

discovered near the village of Markovo in 1962, and therefore 

received the name Markovskoye. To develop this Ǣeld, the vil - 

lage of Verkhnemarkovo was formed on the opposite bank 

of the Lena River and large-scale exploration work began in 

this area (Saxinger et al. 2018). In the 1970s near the terri- 

tory  of traditional  land use of Tokma residents, geologists dis- 

covered the Yaraktinskoie oil deposit (Irkutsk Oil Company 

2019). Currently, geological exploration is conducted by 3D 

ÓÅÉÓÍÉÃ ÒÅǨÅÃÔÉÏÎ ÍÅÔÈÏÄÓȟ ÕÎÄÅÒ ×ÈÉÃÈ ÔÈÅ ÓÅÉÓÍÉÃ ÌÉÎÅÓ 

form grids with  cells 150ɀ300 m wide. The width  of seismic 
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